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Abstract

This paper describes how the fundamental matrix, F', the trifocal tensor Tij ¥ and the
quadrilinear relationship existing between corresponding points in four uncalibrated pro-
jective images may be derived in a common framework involving matrix determinants.
Part of the paper contains a derivation of previous results, and is intended as a summary
and reformulation. The derivations are based on the work of Faugeras and Mourrain [4]
and Triggs [23, 22].

Some new results are included on the independence of the equations used to compute
the trifocal and quadrilinear relationships, and methods of choosing those equations in a
robust manner.

1 Introduction

The Fundamental Matrix, introduced by Longuet-Higgins ([15]) has proven to be a basic
tool in the analysis of pairs of images. In particular, it has been been particularly
fruitful in the analysis of uncalibrated image pairs since being applied to this problem in
[3, 7, 6]. In a similar way, the trifocal (or trinocular) tensor has its roots ([20, 19, 24]) in
the analysis of calibrated images, but was later rediscovered [8, 11, 17]) and applied to
uncalibrated images. The discovery of a similar quadrilinear relationship followed, and
was investigated in ([23, 22, 4, 25, 14, 13]). All these multilinear relationships were put
in a common framework by the work of Triggs ([23]) and Faugeras and Mourrain [4].

This paper provides a summary of the derivation of the multilinear relationships, and
their expression in terms of the multidimensional tensors, namely the fundamental matrix
Fj, the trifocal tensor T;"" and the quadrifocal tensor QP7"*. Specific formulae are given
for each of these tensors in terms of the camera matrices. These tensors relate the
coordinates of lines and points in the separate images, as summarized in Tables 1 and
2 of this paper. This gives a more complete set of relationships than has been written
down previously.

Finally, the independence of the set of equations derived from point and line correspon-
dences is considered. This analysis leads to a recommended method for formulating the
equations derived from a correspondence in order to avoid singular cases and achieve
greatest numerical robustness. In the four-view case, each point correspondence gives
16 independent equations in the 81 entries of the quadrifocal tensor. This suggests that
the quadrifocal tensor ought to be computable from just five point correspondences, but



other considerations mean thas this should be impossible. This conundrum is resolved
by observing that whereas the set of equations derived from one correspondence has the
expected full rank (16 independent equations), the equations derived from different point
correspondences are not independent.

2 Bilinear Relations

We consider first the relationship that holds between the coordinates of a point seen
in two separate views. Thus, let u < u’ be a pair of corresponding points as seen in
two separate images. It will be convenient, for clarity of notation, to represent the two
camera matrices by A and B, instead of the usual notation, P and P’. Both the points
u and u’ are images of the same point x in space. For convenience, we write
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The projection from space to image can now be expressed as follows.
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where k& and k&’ are two undetermined constants.

These equations may be written down in one matrix equation. In order to do this, we
denote the i-th row of the matrix A by a’, and similarly the i-th row of matrix B by b’.
The projection due to the first camera may then be written as
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This expression may be compared with (2) which is is just another way of writing the
same thing.

The projections of the point x into both views may be expressed as a single matrix
equation by writing the equations derived from one view and derived from the other
view in the same equation. This gives a set of equations
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Now, this is a 6 x 6 set of equations which by hypothesis has a non-zero solution, the
vector (x,—k,—k')". Tt follows that the matrix of coefficients in (4) must have zero
determinant. This condition leads to a bilinear relationship between the entries of the
vectors u and u’ expressed by the fundamental matrix F'. We will now look specifically
at the form of this relationship.

Consider the matrix appearing in (4). Denote it by X. The determinant of X may be
written as an expression in terms of the quantities v’ and v’*. Notice that the entries u’
and u’* appear in only two columns of X. This implies that the determinant of X may
be expressed as a quadratic expression in terms of the v and u/*. In fact, since all the
entries u’ appear in the same column, there can be no terms of the form wfu? or w/*u'7.
Briefly, as an expression in terms of the v’ and «’?, the determinant of X is a bilinear
expression. The fact that the determinant is zero may be written as an equation

(Ull, u/2, UIS)F(ul, u2’ US)T — UiUIiji -0 (5)

where F is a 3 x 3 matrix, the well-known fundamental matrix!.

We may compute a specific formula for the entries of the matrix F as follows. The entry
F;; of F is the coefficient of the term u*u’ in the expansion of the determinant of X.
In order to find this coefficient, we must eliminate the rows and columns of the matrix
containing u’* and u/, take the determinant of the resulting matrix and multiply by +1
as appropriate. For instance, the coefficient of u/*u! is obtained by eliminating two rows
and the last two columns of the matrix X as shown in (4). The remaining matrix is

and the coefficient of u/*u! is equal to the determinant of this 4 x 4 matrix. In general,
we may write ‘

Fj‘ = (—1)1—” det |: - bj :| . (6)
In this expression, the notation ~ a’ has been used to denote the matrix obtained from
A by omitting the row a’. Thus the symbol ~ may be read as omit, and ~ a® represents
two rows of A. The determinant appearing on the right side of (6) is therefore a 4 x 4
determinant. This expression for the fundamental matrix was pointed out to me by Rajiv
Gupta, and is also noted by Carlsson ([1]).

A different way of writing the expression for Fj; makes use of the tensor €,q which is
defined to be 0 unless all of r, s and t are different, and is £1 depending on whether the
indices (r, s,t) consitute an even or odd permutation of (1,2,3). The tensor €;; (or its
contravariant counterpart, €”¥) is connected with the cross product of two vectors. If a
and b are two vectors, and ¢ = a X b is their cross product, then the following formula
may easily be verified.

¢i=(axb); = eijkajbk .

IHere and elsewhere we use the tensor summation convention that an index repeated in upper (con-
travariant) and lower (covariant) positions implies summation over the range of indices. It may be more
sensible to define F;; by the formula u'u’J F;; = 0, but the formula (5) is conventional.



Using this notation, one may derive the following formula.
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To see this, note that Fj; is defined in (7) in terms of a sum of determinants over all
values of p, ¢, r and s. However for a given value of ¢, the tensor €;;, is zero unless p and
q are different from i and from each other. This leaves only two remaining choices of p
and ¢ ( for example if i = 1, then we may choose p = 2,¢ =3 or p = 3,¢ = 2). Similarly,
there are only two different choices of r and s giving rise to non-zero terms. Thus the
sum consists of 4 non-zero terms only. Furthermore, the determinants appearing in these
four terms consists of the same four rows of the matrices A and B and hence have equal
values, except for sign. However, the value of €;,q€s is such that the four terms all have
the same sign and are equal. Thus, the sum (7) is equal to the single term appearing in

(6).
A similar formula involving the fundamental matrix is
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This formula may be derived in a straight-forward manner from (7).

2.1 Invariants of Lines

In this brief section it will be shown how the fundamental matrix may be used to define
invariants of spatial objects (in this particular case, lines) in terms of the images of those
objects in a pair of images. This method was discovered by Carlsson ([1]). Given two
lines A and p in one image, and the corresponding lines A and g’ in the other image.
From (8) we may see that
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The cross-products on the left side of this sequence of equations represent the point of
intersection of the lines in the two images. A term such as AT\ on the right represents a
plane in space that projects via camera matrix A onto the line \. We now consider four



line correspondences in two views. For i = 1,...,4 let A(¥ < X be the i-th line corre-
spondence, where the upper index indicating the line number is put in parentheses to em-
phasize that it is not a tensorial index. We denote det [AT)\(i)7 ATXG) BTN, BT)\’(j)]
by I;;. It was shown in [9] that the homogeneous vector

I = (Iial34, 13124, I14123) (10)

is a complete projective invariant of the four lines in space corresponding to the matched
lines in the images. According to (9), we may write I;; = (N x NU)TF(A®) x \0))
Substituting this formula into (10) yields a neat formula due to Carlsson ([1]) for the
projective invariants of four lines in space, in terms of their projections in two views.

3 Trilinear relations

The basic idea behind the derivation of the fundamental matrix can be used to derive
relationships between the coordinates of points seen in three views. This analysis re-
sults in the definition of a triply-indexed tensor, known as the trifocal tensor, with one
covariant and two contravariant indices. Unlike the Fundamental Matrix, this trifocal
tensor relates both lines and points in the three images. We begin by describing the way
matching points are related by the trifocal tensor.

3.1 Point relations

Consider a point correspondence across three views : u < u’ < u”. Let the third
camera matrix be C and let ¢’ be its i-th row. Analogous to (4) we can write an
equation describing the projection of a point x into the three images.
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This matrix, which as before we will call X, has 9 rows and 7 columns. From the existence
of a solution to this set of equations, we deduce that its rank must be at most 6. Hence
any 7 X 7 minor has zero determinant. This fact gives rise to the trilinear relationships
that hold between the coordinates of the points u, u’ and u”.

There are essentially two different types of 7 x 7 minors of X. In choosing 7 rows of X,
we may choose either

1. Three rows from each of two camera matrices and one row from the third, or

2. Three rows from one camera matrix and two rows from each of the two others.



Let us consider the first type. A typical such 7 x 7 minor of X is of the form
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Note that this matrix contains only one entry in the last column, namely v*. Expanding
the determinant by cofactors down this last column reveals that the determinant is equal
to
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Apart from the factor v/’?, this just leads to the bilinear relationship expressed by the
fundamental matrix, as discussed in section 2.

The other sort of 7 x 7 minor is of more interest. An example of such a determinant is
of the form
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By the same sort of argument as with the bilinear relations one sees that this leads to a
trilinear relation of the form det X = f(u,u’,u”) = 0. By expanding this determinant
down the column containing u*, one can find a specific formula for det X, namely

1 .
det X = i§ulu”u”keizm€jqz€kry det Z‘q = Ogy (14)

where x and y are free indices corresponding to the rows omitted from the matrices B
and C' to produce (13). We introduce the tensor

a
1 m
T{" = Seim et i? (15)
c’



The trilinear relationship (14) may then be written
wu " e gpenry T = Oy (16)

The tensor T} is the trifocal tensor, and (16) is Shashua’s trilinear relation. The indices
x and y are free indices, and each choice of = and y leads to a different trilinear relation.

Just as in the case of the fundamental matrix, one may write the formula for the tensor

T in a slighly different way :

TP = (—1)" " det b? | . (17)
c’

As in section 2, the expression ~ a’ means the matrix A with row 7 omitted. Note that

we omit row 7 from the first camera matrix, but include rows ¢ and r from the other two

camera matrices.

In the often-considered case where the first camera matrix A has the canonical form
[I | 0], the expression (17) for the trifocal tensor may be written simply ([10, 18]) :

T =blcy —bicl . (18)

Note that there are in fact 27 possible trilinear relations that may be formed in this way
(refer to (13)). Specifically, note that each relation arises from taking all three rows from
one camera matrix along with two rows from each of the other two matrices. This gives
the following computation.

e 3 ways to choose the first camera matrix from which to take all three rows.
e 3 ways to choose the row to omit from the second camera matrix.

e 3 ways to choose the row to omit from the third camera matrix.

This gives a total of 27 trilinear relations. However, among the 9 ways of choosing two
rows from the second and third camera matrices, only 4 are linearly independent. This
means that there are a total of 12 linearly independent trilinear relations.

It is important to distinguish between the number of trilinear relations, however, and
the number of different trifocal tensors. As is shown by (16), several different trilinear
relations may be expressed in terms of just one trifocal tensor. In (16) each distinct
choice of the free indices x and y gives rise to a different trilinear relation, all of which are
expressible in terms of the same trifocal tensor T;'". On the other hand, in the definition
of the trifocal tensor given in (15), the camera matrix A is treated differently from the
other two, in that A contributes two rows (after omitting row i) to the determinant
defining any given entry of T;/", whereas the other two camera matrices contribute just
one row. This means that there are in fact three different trifocal tensors corresponding
to the choice of which of the three camera matrices contributes two rows.

3.2 Line relations

A line in an image is represented by a covariant vector \;, and the condition for a point
u to lie on the line is that A;u’ = 0. Let 2/ represent a point in space, and aj represent



a camera matrix. The 3D point 2/ is mapped to the image point u* = a}z?. Tt follows
that the condition for the point 27 to project to a point on the line A; is that A;ajz? = 0.
Another way of looking at this is that A;a; represents a plane consisting of all points
that project onto the line A\;. Once more, the condition for the point z7 to line on this
plane is that A;ajz’ = 0.

Consider the situation where a point 27 maps to a point u’ in one image and to some
point on lines A} and A’ in two other images. This may be expressed by equations

ut = k:a;»xj
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This may be written as a single matrix equation of the form
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Since this set of equations has a solution, one deduces that det X = 0, where X is the
matrix on the left of the equation. Expanding this determinant down the last column
gives
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This shows the connection of the trifocal tensor with sets of lines. The two lines )\; and
A back project to planes meeting in a line in space. The image of this line in the first
image is a line, which may be represented by );. For any point u’ on that line the relation
(20) holds. It follows that A, A/ T;" is the representation of the line A;. Thus, we see that
for three corresponding lines in the three images:

Ap & N NITST (21)

The symbol = means that the two sides are equal up to a scale factor. Since the two
sides of the relation (21) are vectors, this may be interpreted as meaning that the vector
product of the two sides vanishes. Expressing this vector product using the tensor €%,
we arrive at an equation

Ap AP T = 0% (22)



In an analogous manner to the derivation of (16) and (20) one may derive a relationship
between corresponding points in two images and a line in a third image. In particular, if
a point =7 in space maps to points u? and v’ in the first two images, and to some point
on a line A in the third image, then one may derive a relation

uiu'j)\;,'ﬁjquiqr =0, . (23)
In this relation, the index z is free, and there is one such relation for each choice of
xz=1,...,3, of which two are linearly independent.

We can summarize the results of this section in the following table, in which the final
column denotes the number of linearly independent equations.

Correspondence Relation number of equations
three points WU TR ejgp€pry T = Ogy 4
3 3 Lo 17\ qr __
two points, one line wuI N €gz Ty = 0y 2
: : - L)\ 4T
one point, two lines u AN T =0 1
three lines Ap A AP = v 2

Table 1. Trilinear Relations

Note how the different equation sets are related to each other. For instance, the second
line of the table is derived from the first by replacing u* ey, by the line A and deleting
the free index y.

3.3 Point relation as a special case of Line relations

It will now be shown that the trilinear relation (16) is in fact nothing but a special case
of the trilinear relation (20) for lines. In the trilinear relation u'u" u”kejqxekryTiqr = Ogy
for points, we may write A, = u"”¢jq, and N = u” kepry. The trilinear relation then
becomes _

N N T = 0, (24)
which is beginning to looking much like the trilinear relation (20) for lines. Observe as
before that the indices  and y are free variables in this expression. We will now show
that for any choice of the free variables x and y, the terms )\;m and )\;,’y do represent
geometrically meaningful lines. We concentrate on )/ _, since the analysis for )\’T’y is

qz>
identical.

Consider the case x = 1. Then )\;1 = u'€jq1, and expanding this out, we see that
(N1, Ny, Asp) = (0, —u’3,u'?). We see that X is a line passing through the point v/ =
(u'*,u'?,u'?) and parallel with the first coordinate axis. A similar thing occurs for the
other choices x = 2,3. Specifically, A, is the line through u" parallel with the second
coordinate axis, and X; is the line through "/ passing also through the coordinate origin,
(0,0,1).

What is all this saying ? Let u <+ u’ <+ u” be corresponding points in three image. If we
choose any lines A" and X" that pass respectively through the two points u’ and u” then
from (20) we obtain a relation u'\; AT/ ¥ — 0. For any arbitrary choice of the lines N



and )\’ we can write down such a relation. In the particular case where the lines A\’ and
A are chosen to be lines through u’ and u” either horizontal, vertical or passing through
the origin, then one obtains Shashua’s trilinear relation for points (16). One may choose
two lines through each of the points u’ and u”, resulting in four independent trilinear
relations.

This interpretation of the point relationships has been previously observed in [16] and
[4].

4 Quadrilinear Relations

Similar arguments work in the case of four views. Once more, consider a point corre-
spondence across 4 views : u «< u’ < u” < u”’. With camera matrices A, B, C and D,
the projection equations may be written as
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Since this equation has a solution, the matrix X on the left has rank at most 7, and so all
8 x 8 determinants are zero. As in the trilinear case, any determinants containing only one
row from one of the camera matrices gives rise to a trilinear or bilinear relation between
the remaining cameras. A different case occurs when we consider 8 x 8 determinants
containing two rows from each of the camera matrices. Such a determinant leads to a
new quadrilinear relationship of the form

i, 17, 1k, 111 TS __
wu? U U €€ jga €rry €152 QP = Oy (26)

where each choice of the free variables w, x, y and z gives a different equation, and the
4-dimensional tensor QP?"* is defined by

QPT® = det C;, (27)

d4¢
Note that the four indices of the four-view tensor are contravariant, and there is no
distinguished view as there is in the case of the trifocal tensor. There is only one four-

view tensor corresponding to four given views, and this one tensor gives rise to 81 different
quadrilinear relationships, of which 16 are linearly independent.
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As in the case of the trifocal tensor, there are also relations between fixed lines and points
in the case of the four-view tensor. Equations relating points are really just special cases
of the relationship for lines. In the case of a 4-line correspondence, however, something
different happens, as will now be explained. The relationship between a set of four lines
and the quadrifocal tensor is given by the formula

)\p)\;)\;,’)\’s”qu” =0 (28)
for any set of corresponding lines \,, A;, ) and A{". However, the derivation shows
that this condition will hold as long as there is a single point in space that projects onto
the four image lines. It is not necessary that the four image lines correspond (in the
sense that they are the image of a common line in space). Now, consider the case where
three of the lines (for instance A, A; and \]') correspond by deriving from a single 3D
line. Now let A" be any arbitrary line in the fourth image. The back projection of this
line is a plane, which will meet the 3D line in a single point, X and the conditions are
present for (28) to hold. Since this is true for any arbitrary line A, it must follow that
ApAGAQPI™ = 0°. This gives three equations involving A, A; and A of which two
are linearly independent. However given a set of corresponding lines in four images, as
above, one may choose a subset of three lines, and for each line-triplet obtain a pair of
equations in this way. Thus for a set of four corresponding lines, one obtains a total of
8 equations, which may be verified (empirically) to be independent.

The 4-view relations may be summarized in the following table.

Correspondence Relation number of equations
4 points ulu/ju”ku”/lquejqwekryelszqurs = Oway- 16
: : Lo 170 1k 111 _
3 points, 1 line WU "N €ipu €qu€rry QP = Oway 8
2 points, 2 lines UWUININY €1p0y€ gz QPI™S = Oy 4
. I\ Pqrs — (S
3 lines ApAgAr @ =0 2
: a '\ Hprars — (s I\ ypgrs — OT
4 lines Ap Ay @ = 0%, \pAg A5 @ =0",... 8

Table 2. Quadrilinear Relations.

No equation is given here for the case of three lines and one point, since this gives no
more restrictions on the tensor than just the 3-line correspondence.

5 Number of Independent Equations

It was asserted in considering the definition of the quadrifocal tensor QP4"*! that each
point correspondence gives rise to 16 linearly independent equations. Similarly each point
correspondence across three views gives rise to four linearly independent equations in the
entries of the trifocal tensor T;". We now examine this point more closely. We begin
with the four view case.

11



5.1 Four View Case

Given sufficiently many point matches across four views, one may solve for the tensor
QP?". Subsequently, one may retrieve the camera matrices and carry out projective
reconstruction. Details of how the step of retrieving the camera matrices is done are
omitted here, but are given by Heyden ([14, 13]). A curious phenomenon occurs how-
ever, when one counts the number of point matches necessary to do this. As indicated
above, it appears to be the case that each point match gives 16 linearly independent
equations in the entries of the tensor QP?"*. On the other hand, it seems unlikely that
the equations derived from two totally unrelated sets of point correspondences could
have any dependencies. It would therefore appear that from 5 point correspondences
one obtains 80 equations, which is enough to solve for the entries of QP9"° up to scale.
From this argument it would appear that it is possible to solve for the tensor from only
5 point matches across 4 views, and thence one may solve for the camera matrices, up to
the usual projective ambiguity. This conclusion however is contradicted by the following
remark.

Proposition 5.1. It is not possible to determine the positions of 4 (or any number of)
cameras from the images of 5 points.

Proof. Since any two sets of five points in P3are projectively equivalent (barring the case
where 3 points are in a plane), we may assume that the five points form a projective
basis for P3. Consider the first camera. The situation is that each point x; is known for
i=1,...,5, and the images u; of the points are also known. However, each such 3D to
2D correspondence gives two linear equations in the entries of the camera matrix M, a
total of 10 equations in all from the 5 points. Since M has 11 degrees of freedom, it can
not be determined uniquely from 10 equations. This is in agreement with the observation
of Sutherland ([21]) that 5% such 3D to 2D correspondences are required to determine
M. This means that the camera matrix M is not determined uniquely with respect to a
fixed projective basis. The same applies to the other cameras, and thus the proposition
is demonstrated. O

Obviously there is some error in our counting of equations. In fact, Heyden states ([14])
that six point correspondences are necessary to compute QP?"®. The truth is that our
counting argument is false, as is shown by the following two propositions.

Proposition 5.2. Consider a single point correspondence u < u' « u” < u” across
four views. Letting the four free indices w, z, y and z in (26) vary from 1 to 3 one
obtains from this correspondence a set of 81 equations in the entries of QP1"°. The rank
of this set of equations is 16. Furthermore, let the equations be written as Aq = 0 where
A is an 81 x 81 matriz and q is a vector containing the entries of QP4"*. Then the 16
non-zero singular values of A are all equal.

What this result is saying is that indeed as expected one obtains 16 linearly independent
equations from one point correspondence, and in fact it is possible to reduce this set of
equations by an orthogonal transform (multiplication of the equation matrix A on the
left by an orthogonal matrix U) to a set of orthogonal equations. The rank of the set of
equations is a “very solid” 16. This is a very favourable result as far as the conditioning
of the problem is concerned.
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The key point in the proof of Proposition 5.2 concerns the singular values of a skew-
symmetric matrix.

Lemma 5.3. A 3 x 3 skew-symmetric matriz has two equal non-zero singular values.
Although this is well known, a brief proof is given.

Proof. Defining matrices

0
E=1] -1
0

0
and Z=ED=| -1

0
0 ; D=
1 0

o O =
OO =
O = O
o O O
O O =
o O O

the Schurr normal form ([5]) of a 3 x 3 skew-symmetric matrix S can be written S =
kVZV'T where k is a scalar. Thus the SVD of S is given by S = kUDV " where U = V E.
O

The rest of the proof of Proposition 5.2 is quite straight-forward as long as one does not
get lost in notation.

Proof. (Proposition 5.2) The full set of 81 equations derived from a single point cor-
respondence is of the form uieipwu/jquIu”kekryvumlelszqu” = Owazy-. A total of 81
equations are generated by varying w, z,y, z over the range 1,...,3. Thus, the equation
matrix A may be written as

i 13 "k i
A(wmyz)(pqrs) =u 6ipwuJﬁjqa:u E€kryl €15z (29)

where the indices (wzyz) index the row and (pgrs) index the column of A. We will have
occasion frequently to consider a set of indices, such as (wzyz) in this case, as a single
index for the row or column of a matrix. This situation will be indicated by enclosing
the indices in parentheses as here, and referring to them as a combined indez.

We consider now the expression u€;p,. This may be considered as a matrix indexed
by the free indices p and w. Furthermore, since uieipw = —uieiwp we see that it is a
skew-symmetric matrix, and hence has equal singular values. We denote this matrix by
Swp- Writing the result of Lemma 5.3, using tensor notation we have

U;USprep =kDq. (30)

where the matrix D is as in Lemma 5.3. Now, the matrix A in (29) may be written as
A(wayz)(pgrs) = SwpSyySyrSts. Consequently, applying (30) we may write

Ub U U UL Atway=) (pars) VEVE VY V" = kE'K"E" Do Dys DegDan . (31)
Now, writing
Slwryz) _ rrwyriz 2
U(ach) - Ua Ul/7 Uc//yU(fi//

Vi = v

ﬁ(abcd)(efgh) = DaeDbechdh

13



and
];, _ kk/k//k///

we see that (31) may be written as

(wzyz) S(pgrs) 11
Utabedy Awry=)wars) Viergny = KD(abed)(efah) - (32)

As a matrix, Dgpedy(efgn) is diagonal with 16 non-zero diagonal entries, all equal to
unity. To show that (32) is the SVD of the matrix A,ys)(tuvw), and hence to complete

the proof, it remains only to show that U((;L;)ig)z ) and V((e’jtq;,f)) are orthogonal matrices.
To this end, we show that U ((;ﬁz)z ) has unit norm orthogonal columns. Thus, for two

columns with combined indices (pgrs) and (tuvw) respectively, we verify

> Ul = 2 GUIUF U UUIUL U
i,7,k,1 i,5,k,1
_ Z U;‘Utz‘ Z Uéj U’l/l.j Z U;,/k Ul/}/k Z US///l Uz/u//l
7 J k l
6pt6qu5rv6sw
= §(pqrs)(tumu)

and so U is orthogonal, as required. A similar argument shows that Vs orthogonal as
well. This completes the proof that A has rank 16, and all non-zero singular values are
equal. O

Thus, each point correspondence gives 16 equations. The surprising fact however is
that the equation sets corresponding to two unrelated point correspondences have a
dependency, as stated in the following proposition.

Proposition 5.4. The set of equations (26) derived from a set of n general point corre-
spondences across four views has rank 16n — (3), for n < 5.

The notation (§) means the number of choices of 2 among n, specifically, (§) = n(n—1)/2.
Thus for 5 points there are only 70 independent equations, not enough to solve for QP9"*.
For n = 6 points, 16n — (3) = 81, and we have enough equations to solve for the 81
entries of QP?"*. These propositions will be proven below.

Proof. We consider two point correspondences across four views, namely u! < u/*
u"t — 4" and v’ < v < V""" < 0%, The first correspondence gives rise to a set of
equations : uu I u"Fu"" €y € j gz €kry€rs: QP = Oway. Where there is a different equation
for each choice of w, x, y and z. There are a total of 81 equations in the 81 entries of
the tensor QP4"%. The coeflicients of each equation may be considered as a vector in the
Euclidean space R®'. According to Proposition 5.2, however, the 81 such vectors span a

subspace Sy of dimension 16 in R8!.

A similar set of equations may be derived from the second correspondence, and these
equations span a second 16-dimensional subspace S, of R3!. If the two subspaces Sy
and S, intersect only in the zero vector, then together the two subspaces generate a
subspace of dimension 32 of R8!. The proposition we are proving asserts that this is not
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so, however. Therefore, it is our goal to show that these two subspaces have non-trivial
intersection.

The vectors generating S, may be denoted by G(yzy.) Where (wzyz) is a combined index
for the vector, and each 0,y is a vector with components

N i, 15, 1k, 11

U(wayz)(pgrs) = U UU U EpwejiquCkryClsz
and (pgrs) is a combined index for the component of the vector. We consider a specific
linear combination of the vectors G(ygayz) given by s = v 0"Vl (yzy). This is a
vector with components

_w Jx My, Mz do g Ik 1] .
S(pgrs) = VUV YV E U T U U €€ g Epry €rss (33)

In a similar fashion, the subspace Sy is generated by vectors v ;jx;), which have compo-
nents

1/ "z /. 1/ "
Yo Tp"Yy"®

N — w . .
V(ijkl) (pgrs) = VU v €wpi€rqj€yrk€zsl = v €ipw€jqr€kry€lsz -

The last expression is obtained from the previous one by swapping the first and last
indices of each e.

Now, one forms the linear combination s = uiu'? u”ku’”lv( k) which when expanded

turns out to have the same components as the vector s(,4,s) in (33). In brief, we have
w, tx, 1y, Iz A i, 15, Mk 11
s = vV "V Y A ayz) = U uu*u Viijkl) - (34)

This shows that the subspaces S, and Sy or R®! intersect in a subspace generated by the
vector s. Thus, the dimension of the subspace generated by vectors Q(,zy-) and v (;;r
is at most 31, provided that s is non-zero. To consider the possibility that s = 0, we
rearrange (33) to get

s(pqrs) — (uivw Eipw)(u jv €jqu )(u//kv//yek y)(u///lv///z Elsz)

= (uxv),(u xv),u" xv"), (" xv"),
where (u x v) represents the vector product. Such a vector product is nonzero unless the
u and v are equal, up to scale, and hence represent the same point. Thus, s is non-zero
unless u and v (or u’ and v’, etc) represent the same point. To take care of the case
where for instance u = v, we note that then

o' v//yv///zu(u)myz) = u//ku///lv( kD) (35)
for each value of w. To verify this, note that the components of the vectors on each side
of (35) are

te, My, Mz d, 15 Ik, 111 1y 1k, 1l Gt 1y 1z
O " T U e €y €15 = — T E U 0 T " E € € g€kt -
This means that Sy, and Sy intersect in at least a 3-dimensional subspace. Thus, in all
cases, we have shown that the subspace generated by Sy and Sy has dimension at most
31.

We now consider the possibility that the dimension of the subspace is less than 31. In such
a case, all 31 x 31 sub-determinants of the matrix having as rows the vectors G(,.y.) and
V(ijk) must vanish. These subdeterminants may be expressed as polynomial expressions
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in the coefficients of the points u, v/, u”, v/, v, v/, v/ and v/”. These coefficients

together make up a 24-dimensional space. Thus, there is a function f : R** — RY for
some N (equal to the number of such 31 x 31 subdeterminants), such that the equation
matrix has rank less than 31 only on the set of zeros of the function f. Any arbitrarily
chosen example may be used to show that the function f is not identically zero. It
follows, that the set of point correspondences for which the set of equations has rank
less than 31 is a variety in R?*, and hence is nowhere dense. Thus, for a general pair of
point correspondences, the set of equations generated by a pair of point correspondences
across 4 views has rank 31.

We now turn to the general case of n point correspondences across all 4 views. Note
that the linear relationship (34) that holds for two point correspondences is non-generic,
but depends on the pair of correspondences. In general, therefore, given n point corre-
spondences, there will be (§) such relationships. This reduces the dimension of the space
spanned by the set of equations to 16n — (§) as required. O

5.2 Three View Case

In this section, we consider the set of equations relating the entries of the trifocal tensor
T/ k generated by a single point correspondence across three views. We find the following
favourable situation holds.

Proposition 5.5. Consider a single point correspondence u < u’ < u” across three
views. Letting the two free indices x and y in (16) vary from 1 to 8 one obtains from
this correspondence a set of 9 equations in the entries of T{". The rank of this set of
equations is 4. Furthermore, let the equations be written as At =0 where A is a 9 x 27
matriz and t is a vector containing the entries of T{". Then the 4 non-zero singular
values of A are equal.

Proof. This proposition is similar to Proposition 5.2, and is proven in much the same
way. The full set of 9 equations derived from a single point correspondence is of the form
wu €jqpu" ey T = 04y. A total of 9 equations are generated by varying = and y over
the range 1,...,3. Thus, the equation matrix A may be written as

Alay) (i) = u'u7u" €guerry (36)

where the indices (zy) index the row and (},) index the column of A. As in the proof of
Proposition 5.2, we may write u”/e;q, = Sy, and ukegr, = Sy~ Then the matrix A in

(36) may be written as Ay ) = u'S,,, ;.. Consequently, applying (30) we may write

U(;zUélyA(my)(zr)Ve/qu/T = k’/k’ﬁuiDaeDbf . (37)
Next, introducing a vector u; with covariant (lower) index, defined such that u; = u® for
all ¢, we have
UfUé/yA(zy)(ér)uiVJqu” = k'k’”uiuiDaeDbf = k:'k:”||u|\2DaeDbf .

Now, writing

T = U0,
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9y 2")_ RV AVIUS
V(Ef) =u; Vo'V

D(ab)(ef) = DaeDbf .

and

= K8l

we see that (37) may be written as

(@) @
O A Vs = FDabyer) (38)

The matrix D(qp)(es) is diagonal with 4 unit diagonal entries. As before, to complete the

proof, we need only show that U and V are orthogonal, The matrix U is orthogonal as
~ (AT

is shown using the same argument as before. Since the matrix V((;f)) is not square (it

has dimension 27 x 9), we need to show that is has orthogonal columns. Details are as
follows.

ZV( A /f) Z(V/qv//r )(V T, )

q,r,t 1,0,q
— Z V/q Z V;/rv//r Z )
q
= 566’5ff’||u”2

S(eyer sl lulf?

Thus, in fact, the rows of V are orthogonal, and each one has the same norm equal to
[lu||. This completes the proof. O

5.3 Choosing equations

In the previous two sections, proofs have been given that the singular values of the full set
of equations derived from three or four point equations are all equal. The key point in the
argument is that the two non-zero singular values of a 3 x 3 skew-symmetric matrix are
equal. This proof may clearly be extended to apply to any of the other sets of equations
derived from line or point correspondences given in sections 3 and 4.

Consider once more the case of three point correspondences in three views. The results
on singular values show that it is in general advisable to include all 9 equations derived
from this correspondence, rather than selecting just four independent equations. This
will avoid difficulties with near singular situations. This conclusion is supported by
experimental observation. Indeed, numerical examples show that the condition of a set
of equations derived from a set several point correspondences is substantially better when
all 9 equations are included for each point correspondence. In this context, the condition
of the equation set is given by the ratio of the first (largest) to the n-th singular value,
where n is the number of linearly independent equations.

Including all 9 equations rather than just 4 means that the set of equations is larger,
leading to increased complexity of solution. However, whether the equations are solved
using the Singular Value Decomposition, or the method of normal equations, the increase
in complexity needs only to be linear. This point is explained in [12]. For formulae about
the complexity of the SVD, see [5].
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An alternative to including all 9 equations (or all 81 in the 4-view case) is to include
the minimum number (4 or 16 respectively) of correctly chosen equations. This notion
will be illustrated for the three-view case. As we saw in section 3.3, the equations
wiuTu! ’kejqa:ekTyTiqT = 0,y derived from a point correspondence across three Views may
be considered as a set of line equations u’ Ay, A/, Ti" = 0y by writing A, = u”¢jq, and
Ay = u"* €k, Each choice of x or y gives a different line through the points u” and

u”® a total of 9 choices.

Now, as a matrix, )\;m is skew-symmetric, and hence has two equal singular values. As
remarked, this is the basis for the set of all 9 equations having rank 4, and 4 equal
singular values. On the other hand, if we select just two lines passing through uJ by
making a choice of two values for the index z, then the two columns of the matrix A[,
are not orthogonal, and the resulting 3 x 2 matrix does not have equal singular values,
and in fact may be nearly rank-deficient. As previously seen, one remedy is to include
the equations derived from all 3 choices of the index z. The corresponding three lines
Ay are the lines parallel with the coordinate axes and through the origin and passing
through the point u”. An alternative is to select two other lines ;\f]w, for z = 1,2,
passing through 1/ and represented by an orthonormal pair of vectors. In this case, the
matrix 5‘;@« of dimension 3 x 2 will have two equal singular values. If this is done also for
the point «’*, then arguments of section 5.2 apply, and the resulting set of 4 equations
uij\fwj\;’yTiqr = Oyy for z,y = 1,2 will be independent and orthonormal. Note that the
condition that the vectors ;\gl and /A\f]2 are orthonormal has nothing to do with geometric

orthogonality of the lines. A simple way of finding a pair of orthonormal vectors ;\f]w
such that u’q;\;z = 0, is using Householder transforms ([5]). A Householder matrix hq,

is an orthogonal matrix such that u/'?hg, = d3, = (0,0, 1). Setting ;\qz = hgy forx =1,2
gives the required pair of lines passing through the point u/9.

We summarize this discussion as follows.

Recommended method for formulating point equations.

Given a point correspondence u < u’ + u’ across three views :
L. Find Householder matrix hy, and h;, such that u'?h, = 03, and u""h;, = d3,.
2. For z,y = 1,2 set \, = h!, and A/, = h!/,.

3. The formula ui;\;z;\’r’nyr = 0Oyy for z,y = 1,2 gives a set of four orthonormal
equations in the entries of T}

Once more, it is evident that essentially this method will work for all the types of equa-
tions summarized in Tables 1 and 2.

Acknowledgement This discussion was prompted by remarks of an anonymous re-
viewer to my paper [12].
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6 Summary and Other Work

Although using a slightly different approach, this paper summarized previous results
of Triggs ([22]) and Faugeras and Mourrain ([4]) on the derivation of multilinear re-
lationships between corresponding image coordinates. The formulae for relations be-
tween mixed point and line correspondences are extensions of the result of [10, 12].
This paper suggests that the most basic relations are the point-line-line correspondence
equation w'AJAT{" = 0 in the three-view case, and the line-correspondence equation
ApAGATANY' QP = 0 for four views. Indeed numerical robustness may be enhanced by
reducing other correspondences to this type of correspondence, for carefully selected lines.

There are several aspects of multilinear relations that have not been addressed in this
paper. Most notable is the inverse problem of reconstruction, in other words, retrieval
of the camera matrices (up to a common projective transformation) from the multilinear
tensor. For the two-view case this is the now somewhat classic problem of two-view
projective reconstruction considered by many authors, including [6, 2]. In the three-view
case a solution was given in [10, 12, 18]. The four-view case has been considered by
Heyden ([14, 13]) in the context of his algorithm for reconstruction from six points in
four views. Both for the three and four view reconstruction problem further work remains
to be done before a complete understanding is achieved.

References

[1] Stefan Carlsson. Multiple image invariants using the double algebra. In Proc. of the
Second Europe-US Workshop on Invariance, Ponta Delgada, Azores, pages 335-350,
October 1993.

[2] O. D. Faugeras. What can be seen in three dimensions with an uncalibrated stereo
rig? In Computer Vision - ECCV 92, LNCS-Series Vol. 588, Springer-Verlag,
pages 563 — 578, 1992.

[3] O. D. Faugeras, Q.-T Luong, and S. J. Maybank. Camera self-calibration: Theory
and experiments. In Computer Vision - ECCV 92, LNCS-Series Vol. 588, Springer-
Verlag, pages 321 — 334, 1992.

[4] Olivier Faugeras and Bernard Mourrain. On the geometry and algebra of the point
and line correspondences between N images. In Proc. International Conference on
Computer Vision, pages 951 — 956, 1995.

[5] Gene H. Golub and Charles F. Van Loan. Matriz Computations, Second edition.
The Johns Hopkins University Press, Baltimore, London, 1989.

[6] R. Hartley, R. Gupta, and T. Chang. Stereo from uncalibrated cameras. In Proc.
IEEE Conf. on Computer Vision and Pattern Recognition, pages 761-764, 1992.

[7] R. 1. Hartley. Estimation of relative camera positions for uncalibrated cameras. In
Computer Vision - ECCV ’92, LNCS-Series Vol. 588, Springer-Verlag, pages 579 —
587, 1992.

[8] R. I. Hartley. Camera calibration using line correspondences. In Proc. DARPA
Image Understanding Workshop, pages 361-366, 1993.

19



[9]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

R. I. Hartley. Invariants of lines in space. In Proc. DARPA Image Understanding
Workshop, pages 737-744, 1993.

R. I. Hartley. A linear method for reconstruction from lies and points. In Proc.
International Conference on Computer Vision, pages 882 — 887, 1995.

Richard I. Hartley. Projective reconstruction from line correspondences. In Proc.
IEEE Conf. on Computer Vision and Pattern Recognition, pages 903-907, 1994.

Richard I. Hartley. Lines and points in three views and the trifocal tensor. Inter-
national Journal of Computer Vision, 22(2):125-140, March 1997.

Anders Heyden. Geometry and Algebra of Multiple Projective Transformations. PhD
thesis, Department of Mathematics, Lund University, Sweden, December 1995.

Anders Heyden. Reconstruction from multiple images using kinetic depths. Techni-
cal Report ISRN LUFTD2/TFMA-95/7003-SE, Department of Mathematics, Lund
University, 1995.

H.C. Longuet-Higgins. A computer algorithm for reconstructing a scene from two
projections. Nature, 293:133-135, Sept 1981.

A. Shashua and P. Anandan. Trilinear constraints revisited: Generalized trilinear
constraints and the tensor brightness constraint. In Proc. ARPA Image Understand-
ing Workshop, pages 815 — 820, 1996.

Amnon Shashua. Trilinearity in visual recognition by alignment. In Computer
Vision - ECCYV 94, Volume I, LNCS-Series Vol. 800, Springer-Verlag, pages 479—
484, 1994.

Amnon Shashua and Michael Werman. Trilinearity of three perspective views and
its associated tensor. In Proc. International Conference on Computer Vision, pages
920 — 925, 1995.

Minas E. Spetsakis. A linear algorithm for point and line-based structure from
motion. CVGIP: Image Understanding, Vol. 56, No. 2:230— 241, September, 1992.

Minas E. Spetsakis and John Aloimonos. A unified theory of structure from motion.
In DARPA IU Proceedings, pages 271 — 283, 1990.

LLE. Sutherland. Three dimensional data input by tablet. Proceedings of IEEE, Vol.
62, No. 4:453-461, April 1974.

Bill Triggs. The geometry of projective reconstruction I: Matching constraints and
the joint image. unpublished report, 1995.

Bill Triggs. Matching constraints and the joint image. In Proc. International Con-
ference on Computer Vision, pages 338 — 343, 1995.

J. Weng, T.S. Huang, and N. Ahuja. Motion and structure from line correspon-
dences: Closed-form solution, uniqueness and optimization. IEEE Trans. on Pattern
Analysis and Machine Intelligence, Vol. 14, No. 3:318-336, March, 1992.

Michael Werman and Amnon Shashua. The study of 3D-from-2D using elimination.
In Proc. International Conference on Computer Vision, pages 473 — 479, 1995.

20



